The phonon dispersion curves of the Ge͑111͒-c͑2 ϫ 8͒ surface have been measured using high-resolution helium atom scattering. Experimental data points were obtained along two high-symmetry directions of the surface at room temperature and at 170 K. The main features are explained by a ͑2 ϫ 2͒ geometrical backfolding of the Rayleigh wave. The experimental phonon density of states obtained is qualitatively similar to the phonon density of states of the Si͑111͒-͑7 ϫ 7͒ surface.
I. INTRODUCTION
Compared to the Si͑111͒ surface, which is one of the most studied systems in surface science, much less is known about the corresponding surface of Ge͑111͒, the next heavier element of the group IV-A. Whereas Si͑111͒ surfaces exhibit a ͑7 ϫ 7͒ periodicity, the Ge͑111͒ surface has a c͑2 ϫ 8͒ reconstruction, [1] [2] [3] [4] [5] [6] [7] [8] which is similarly rich in intricate structural properties. The Ge͑111͒-c͑2 ϫ 8͒ surface has been studied by a wide variety of techniques [1] [2] [3] [4] [5] [6] [7] [8] and, as for other semiconducting surfaces, the reconstruction is stabilized by the reduction of the number of dangling bonds present on the ideal ͑1 ϫ 1͒ surface. In this case, the process is largely brought about by two adatoms per unit cell, located at T 4 positions directly above atoms in the second layer of the unreconstructed surface. 9, 10 The surface is further stabilized by two rest atoms which are shifted upwards from their original first-layer positions, as a result of extensive charge transfer 11 ͑see Fig. 1͒ . According to a molecular dynamics ͑MD͒ simulation based on local density functional ͑LDF͒ calculations 7 this complex rearrangement is accompanied by considerable bond stretching and contraction in the first and second layers. This buckling effect has been confirmed by scanning tunneling microscopy 11 ͑STM͒ and helium atom scattering 8 ͑HAS͒ results. The aim of the present experiments is to examine the extent to which this complex reconstruction affects the forces between the surface atoms. To this end, helium atom scattering measurements are used to determine the surface phonons in the reconstructed surface.
The only experimental data on the Ge͑111͒ surface phonons come from an early unpublished study of the c͑2 ϫ 8͒ surface 12 and some points on the Rayleigh mode of the high-temperature ͑1 ϫ 1͒ surface. 13 High-resolution HAS experiments 14 have been successfully applied to the Si͑111͒-͑7 ϫ 7͒ surface to obtain the experimental phonon density of states, which compares favorably with the theoretical calculations for the different atoms forming the ͑7 ϫ 7͒ reconstruction. 15 There is only one calculation of the surface phonons of the reconstructed Ge͑111͒-c͑2 ϫ 8͒ surface based on a MD simulation using forces from a LDF calculation. 7 These calculations predict the spectral density of phonon modes for two symmetry points of the reciprocal lattice, where two pairs of prominent surface modes, mainly localized on the adatoms ͑at ϳ19.0 meV͒ and second-layer atoms below them ͑at ϳ38.5 meV͒, are identified with an in-phase motion comparable with MD simulations for the related Si͑111͒-͑7 ϫ 7͒ system. 15, 16 MD has also been used to calculate the surface phonons of the high-temperature ͑1 ϫ 1͒ phase. 17 The only other theoretical studies are based on the adiabatic bond charge model 18 ͑BCM͒, which was tested by calculations of the bulk phonon dispersion relations 19, 20 and later used to predict the surface phonons of the ͑2 ϫ 1͒ reconstructed Ge͑111͒ surface. 21 In the present investigation, high-resolution inelastic HAS is used to measure the surface phonon dispersion curves of the Ge͑111͒-c͑2 ϫ 8͒ surface. A high resolution on the wave vector scale is required,
where ⌬K is the surface parallel momentum transfer and k i is the incident He atom wave vector, in order to resolve the surface modes and, in particular, the Rayleigh wave ͑RW͒. This is because of the large surface unit cell. Measurements are reported at room temperature ͑RT͒ and at a low temperature ͑LT, 170 K͒, along both the ͓112͔ and ͓110͔ surface directions, which ͒ primitive unit cell corresponding to the conventional c͑2 ϫ 8͒ structure. The small black and gray circles represent the second-and first-layer Ge atoms, respectively. The restatoms are shown as enclosed gray circles while the enclosed white circles represent the adatoms.
correspond to the ⌫K and ⌫M surface symmetry directions. The time-of-flight ͑TOF͒ data are fitted within a simple phonon model, which considers the contributions of the different reciprocal vectors G c͑2ϫ8͒ obtained from a folding of the RW for the ideal Ge͑111͒-͑1 ϫ 1͒ surface. An important result of our analysis is that the main features of the experimental dispersion curves are explained from a simpler ͑2 ϫ 2͒ folding of the RW. This folding has been partly motivated by the work presented by Lange et al.
14 on the lattice dynamics of the Si͑111͒-͑7 ϫ 7͒.
The next section briefly describes the apparatus. The timeof-flight measurements are then presented and analyzed in Sec. III A. Section III B describes how the qualitative experimental surface density of states is obtained. The article closes with a summary in Sec. IV.
II. EXPERIMENT
The high-resolution helium atom time-of-flight apparatus with a fixed angle between the incident and scattered beam of 101.8°and a base pressure of 1.5ϫ 10 −10 mbar has been described in detail before. 22 The incident He atom beam is produced by a free jet expansion of high-pressure gas ͑110 bar͒ through a 10-m aperture at source temperatures between 100 K and 140 K. For TOF measurements, the beam is subsequently chopped into short pulses ͑20 sec͒ before reaching the scattering chamber. 23 Different momentum transfers are sampled by rotating the sample around an axis normal to the sagittal plane, thereby changing the incident beam angle. The scattered beam pulses reach the detector after traveling a total distance of 1.698 m. The experimental energy resolution is mainly determined by the velocity spread of the incident He beam ͑⌬v / v ϳ 1% for beam energies in the range 17.5-20 meV͒ so that ⌬E amounts to Ӎ0.4 meV. The angular resolution, determined by the detector acceptance angle, is about 0.2°.
The Ge͑111͒ crystal was cut from an n-type polished wafer ͑±0.5°and Ͻ 0.4 ⍀ cm͒, mounted between two Mo clips and pressed to a sapphire crystal resting on a highconductivity oxygen-free Cu block, which was attached onto an xyz manipulator with azimuthal, polar, and tilt rotations. A liquid nitrogen cold trap was connected to the Cu block through a high-conductivity Cu braid. The temperature was monitored using two thermocouples, one situated on the Mo clips very close to the sample and the other on the Cu block.
The c͑2 ϫ 8͒ surface was prepared in situ by repeated Ne + ion bombardment cycles at 0.5 keV, subsequent annealing at 900 K, followed by cooling down to RT. The sample temperature was monitored using a thermocouple and checked with an external infrared and optical pyrometer. The optimum He reflectivity ͑ca. 30% at RT͒ and the sharpness of the diffraction peaks in the He-diffraction spectra as well as the reproduction of previously reported HAS spectra 8, 24 were taken as criteria for the sample order and cleanliness. These features are known to be very sensitive to the surface coherence length and the presence of impurities on the surface. 25 The sample was first aligned along the high-symmetry directions with the help of low-energy electron diffraction and later by optimizing the HAS angular distributions.
III. RESULTS AND DISCUSSION

A. Phonon dynamics of Ge"111…-c"2 Ã 8…
A total of 124 TOF spectra of the Ge͑111͒-c͑2 ϫ 8͒ surface were measured both at RT and LT ͑170 K͒ for both high-symmetry directions. No line shape differences were observed in the temperature range studied, as expected from the stability of the c͑2 ϫ 8͒ reconstruction. The experiments were performed for incident angles i , which ranged between 53.90°and 47.90°at incident energies E i = 19.7 meV ͑k i = 6.14 Å −1 ͒ and E i = 17.8 meV ͑k i = 5.84 Å −1 ͒ for the ͓112͔ and i between 56.90°and 44.90°at E i = 19.7 meV ͑k i = 6.14 Å −1 ͒ and E i = 18.6 meV ͑k i = 5.97 Å −1 ͒ for the ͓110͔ direction.
The measured spectra are displayed in grayscale images in the top panels of Fig. 2 . The TOF spectra have been initially converted into an energy-transfer scale for both highsymmetry directions and plotted as a collection of singlescan curves. For a better visualization of the single-phonon features a logarithmic scale is used for the intensity, which is displayed as a function of the energy and wave vector transfer. The dotted lines correspond to the ͑1 ϫ 1͒ high-symmetry points, as indicated at the bottom of the figures. The saturated intensity found for zero energy transfer, ⌬E = 0, corresponds to the signal of the quasielastically scattered He at-FIG. 2. Panels ͑a͒ and ͑b͒ display all the collected experimental spectra for both high-symmetry directions. The logarithmic TOF intensity is shown in grayscale ͑bright color means more intensity͒ as a function of the energy and the parallel wave vector transfer. The ͑1 ϫ 1͒ symmetry points are indicated at the bottom of the figures. Panels ͑c͒ and ͑d͒ display representative TOF spectra, measured with an incident energy of E i = 19.7 meV ͑k i = 6.14 Å −1 ͒, converted into an energy-transfer scale. Each set of spectra corresponds to the angular range determined by the two dashed lines of its corresponding top panel.
oms, which is highest as we get closer to the wave vector Q = 0-that is, as we approach the zeroth-order Bragg peak. The top panels of Fig. 2 show high-intensity continuous features coexisting with the elastic signal. As explained later, the most intense feature is attributed to the bulk RW. These peaks are more pronounced near the quasielastic peak for small ⌬E and Q and are attenuated as the transfer in energy and wave vector increases, due to a change in the He inelastic cross section. On a first visual analysis, it is seen that the folding of the RW does not match the ͑1 ϫ 1͒ high-symmetry points, but seems to follow more naturally a ͑2 ϫ 2͒ folding.
Two sets of representative TOF spectra converted into an energy-transfer scale are shown in Fig. 2 ͑bottom͒. The incident energy is E i = 19.7 meV ͑k i = 6.14 Å −1 ͒ for both highsymmetry directions. These series of spectra have different incoming angles, which increase with the graph offset. Single-phonon peaks are observed to disperse with the incoming angle. Figure 3 shows some selected representative TOF spectra also converted into an energy-transfer scale for both highsymmetry directions, for different incoming angles with the same incident energy, E i = 19.7 meV ͑k i = 6.14 Å −1 ͒. Except for the spectra close to the specular angle, the phonon and quasielastic peaks have comparable intensities. This confirms the existence of a well-ordered surface with a small number of defects. As shown in Fig. 3 , a great number of features can be distinguished, showing strong intensity differences between them. In order to simplify the data analysis, the phonon peaks were grouped into three different intensity categories, which are marked by solid circles ͑high-intensity features͒, solid squares ͑medium intensity͒ and open squares ͑weak features͒. These intensity categories will be important in the following phonon dispersion and density-of-states analysis.
All the data points for the surface phonon dispersion curves obtained from the peak positions of the TOF spectra at RT and LT ͑170 K͒ are summarized in Fig. 4 . The symbols for the different intensities are as in Fig. 3 . This figure is related to the grayscale graphs shown in Fig. 2 but shows more clearly all the surface phonon dispersion branches. The surface projection of the Ge͑111͒ bulk phonon modes was adapted from previous works. [19] [20] [21] Within a rescaling factor that takes into account the different element masses, 26,27 the curves are very similar to the bulk modes of the Si͑111͒ surface. 26, 28 The dispersion curves can be attributed to either a purely geometrical folding of the RW of the unreconstructed Ge͑111͒ surface or to new features resulting from the surface reconstruction. 21 The folding of the RW onto the c͑2 ϫ 8͒ Brillouin zone is extremely complex, due to the large number of surface reciprocal vectors G c͑2ϫ8͒ involved. The difficulty is greatly increased when considering the three different domains of the reconstructed surface. This prevents a simple numerical calculation of the RW folding. The main intensity features, as seen in the grayscale plots of Fig. 2 , particularly along the ͓112͔ direction, seem to follow a ͑2 ϫ 2͒ folding, so that the M symmetry point of the ideal ͑1 ϫ 1͒ surface at 0.91 Å −1 and 1.57 Å −1 in the ͓112͔ and ͓110͔ directions, respectively, would correspond to new ⌫ points. This somewhat surprising result can be understood by noticing that the c͑2 ϫ 8͒ reconstruction can be regarded as made up of two alternating subunit cells: a ͑2 ϫ 2͒ and a truncated c͑4 ϫ 2͒. The local ͑2 ϫ 2͒ unit cell is repeated along the ͓110͔ direction, while along the ͓112͔ direction the periodicity is partially broken, since there is no continuity along this azimuth ͑see Fig. 1͒ . Nevertheless, the local ͑2 ϫ 2͒ unit cell is recovered again two atomic positions away along the ͓112͔ direction, with a displacement of an atomic position in the ͓110͔ direction. On the other hand, the c͑4 ϫ 2͒ local unit cell has three possible domains rotated by 120°, which results in a nonconstructive interference. Thus, low-intensity phonon branches directly related to this truncated unit cell are to be expected, as confirmed in Figs. 2 and 4 where there is no clear indication of a fourfold RW folding along the ͓112͔ direction.
Due to the dominant ͑2 ϫ 2͒ symmetry, the expected RW of the unreconstructed surface is folded along both highsymmetry directions, while accounting for all the reciprocal vectors G ͑2ϫ2͒ of the ͑2 ϫ 2͒ lattice. Since a fit of the RW with a simple sinusoidal function is not perfect, more terms, small in comparison to the first term, were introduced into a series expansion to improve the fit, as reported previously for Si͑111͒-͑7 ϫ 7͒.
14 The best fit was obtained using the following expression with three terms:
͑1͒
where A 1 = a 2 ͓101͔ and A 2 = a 2 ͓110͔ are vectors along closepacked rows in the unreconstructed Ge͑111͒ surface ͑a = 5.66 Å is the lattice constant͒ and Q = 1 2 ͑⌬K − G ͑2ϫ2͒ ͒. ⌬K is the surface phonon wave vector along the sagittal direction that probes the wave vector transfer for each phonon branch, and G ͑2ϫ2͒ are the ͑2 ϫ 2͒ reciprocal vectors. Note that the prefactors of the second and third terms in Eq. ͑1͒ are very small compared to the first term.
The agreement with many of the experimental points ͑cf. Fig. 4͒ is quite good. Solid lines are best fits of Eq. ͑1͒ for reciprocal vectors G ͑2ϫ2͒ along the sagittal direction, while dashed lines correspond to backfolding via the other G ͑2ϫ2͒ in the surface plane. The shape of the RW is always a single acoustic branch for the unreconstructed surface ͑1 ϫ 1͒ in each high-symmetry direction. The folding of the RW due to the superstructure results in new optical transverse modes in the new reduced Brillouin zone.
The ͑2 ϫ 2͒ RW phonon branches shown in Fig. 4 are not exact, because most of the intersections should be replaced by avoided crossings and gaps introduced by the breaking of the original ͑1 ϫ 1͒ periodicity. 29 Even so, most of the experimental points seem to follow the ͑2 ϫ 2͒ RW folding. The rest of the experimental points which do not follow the c͑2 ϫ 8͒ RW folding may have its origin in different surface vibrational modes dependent on the structural details of the surface lattice. This is certainly the case for the higherenergy branches at 15 and 20 meV along the ͓110͔ direction in Fig. 4 , which show very weak intensity in the TOF spectra.
The results are shown more clearly in Fig. 5 , where all the experimental points from Figs. 2 and 4, as well as the RW, have been folded into the irreducible ͑2 ϫ 2͒ Brillouin zone. Since the surface symmetry is c͑2 ϫ 8͒ and not ͑2 ϫ 2͒, the deviations of the data from the RW folded to this part of reciprocal space are more obvious than in Fig. 4 .
B. Experimental DOS of Ge"111…-c"2 Ã 8…
The phonon density of states ͑DOS͒ can be obtained from the experimental data of Fig. 4 along both symmetry directions by applying the procedure used by Lange et al. 14 For this purpose all the experimental data in the unfolded ͑1 ϫ 1͒ surface Brillouin zone ͑SBZ͒ are counted in an energy window of 0.5 meV width. In accordance with the arguments given by Lange et al., 14 the points are weighted by the factor ⌬E. Furthermore, in the present work each point contributing to the phonon dispersion curves was weighted with a factor according to the intensity and reliability of the respective TOF peak. Data from high-intensity peaks are weighted by 3 times, data from medium-intensity ones by twice their intensity, and data from low-intensity TOF peaks were weighted simply by their intensity. This is only a qualitative procedure, since the higher-energy peaks are also weakened by a reduction in the theoretical excitation probability and the polarization of the surface phonons has not been taken into account, which can influence the He inelastic cross sections. Phonon energies above 25 meV were not investigated in the experiment.
The resulting DOS as a function of the energy transfer ⌬E is shown in panel ͑a͒ of Fig. 6 as a histogram. It displays essentially two larger and three smaller peaks, which are separated by appreciable gaps and are located at ϳ5.5 meV, ϳ7.5 meV, ϳ15.5 meV, ϳ20 meV, and ϳ23 meV. Between 1.2 and 11 meV there is some additional structure in terms of weaker maxima at 3.8 and 9.6 meV and minima at 4.3, 6.3, and 8.8 meV. The maximum in the DOS histogram at 7.5 meV corresponds to the maximum of the RW mode at the ͑1 ϫ 1͒ zone boundary; the maxima at 15.5 meV and 20 meV are due to true surface optical phonon branches above the acoustic modes ͑cf. Fig. 4͒ .
At present, there are no complete theoretical calculations available for comparison with the experimental DOS. Takeuchi et al. 7 have published results of MD-LDF calculations of the spectral density of the phonon modes for the adatoms, the second layer ͑restatoms͒ and, the bulk projection at just two points in reciprocal space, the ⌫ point ͑denoted by the authors as P 0 ͒ and for another point P 1 farther out in the SBZ. In order to approximately represent the DOS obtained from the experiments and shown in panel ͑a͒ of Fig. 6 , the theoretical density spectra for the genuine surface modes-i.e., the vibrations of the adatoms ͑AA͒ and the atoms in the second layer ͑SL͒-must be converted to an energy scale and summed for energies up to 25 meV.
Within this energy range each one of the four terms in the sum displays three peaks of appreciable intensity which are located very close to five different energies, ϳ5.7 meV ͑1.37 THz͒ from the AA spectra and the SL spectra at P 0 , ϳ8.2 meV ͑1.95 and 1.97 THz͒ from the AA and SL spectra at P 1 , ϳ15.6 meV ͑3.7 THz͒ from the AA spectra at P 0 and P 1 and the SL spectra at P 1 , ϳ18.8 meV ͑4.5 THz͒ from the AA spectra at P 0 and P 1 , and ϳ22 meV ͑5.3 THz͒ from the AA and SL spectra at P 1 . Since all these peaks are well separated by gaps, the actual sum over the two modes and the two points in the SBZ, depicted in panel ͑b͒ of Fig. 6 , contains five major peaks located at 6.0 meV, 8.8 meV, 15.5 meV, 19.0 meV, and 22.3 meV. These numbers deviate only in some cases by little more than 1 meV from the position of the major maxima in panel ͑a͒ of Fig. 6 and the relative heights of the first three peaks compare favorably with the experimental data. The DOS obtained from the calculations for vibrational energies around 19 and 22 meV, however, turns out to be 20 times larger than the experimental values, probably due to the qualitative procedure used to obtain the DOS from the experimental analysis.
The same qualitative procedure to obtain the experimental DOS has been used for the system ͓Si͑111͒-͑7 ϫ 7͔͒, published by Lange et al. 14 This allows us to directly compare the experimental DOS between both systems ͑at least in what refers to the bulk RW contribution͒. The major differences in the dynamics of this system and the Ge͑111͒-c͑2 ϫ 8͒ surface are reported 26, 27 to be merely determined by the different masses of the atoms ͑m Si , m Ge ͒. The Ge͑111͒ phonon dispersion curves are similar to those of Si͑111͒ if the Si phonon frequencies are multiplied by ͱ͑m Si / m Ge ͒. After rescaling the phonon energies in the experimental DOS histogram for Si͑111͒ ͑Ref. 14͒ to the Ge mass, the DOS in this system, presented in panel ͑c͒ of Fig. 6 , looks quite similar to the Ge͑111͒ DOS in panel ͑a͒ for energies between 1.2 and 11 meV. The largest differences are found for the highfrequency acoustic modes, which are much weaker in Ge͑111͒-c͑2 ϫ 8͒. The reason for this difference could be the presence of three domains in the c͑2 ϫ 8͒ surface. Another possible reason is the structural details of the surface lattice, which could also play a very important role in the surface dynamics, as has been pointed out in recent total-energy calculations. 30 The maxima in the Si͑111͒-͑7 ϫ 7͒ DOS after the energy conversion lie at energy values of 4.0, 5.0, 6.2, and 9.3 meV, equivalent to those found in panel ͑a͒ of Fig. 6 at 3.8, 5 .5, 7.5, and 9.6 meV. The minima in the converted experimental Si͑111͒ DOS appear at 4.3, 5.3, 7.4, and 9.9 meV, as compared to locations at 4.3, 6.3, 8.8, and 10.8 meV for Ge͑111͒, differences again amounting to not much more than 1 meV. Thus, qualitatively the fine structure in the experimental DOS of the reconstructed Ge͑111͒-c͑2 ϫ 8͒ surface below phonon energies of 11 meV appears to be remarkably similar to that of the Si͑111͒-͑7 ϫ 7͒ system, aside from differences in the actual densities at the larger phonon energies.
IV. CONCLUSIONS
High-resolution HAS has been used to study the lattice dynamics of the reconstructed Ge͑111͒-c͑2 ϫ 8͒ surface along both high-symmetry directions. The most intense and clearly resolved peaks in the measured TOF spectra lead to surface phonon dispersion curves which seem to be determined by a ͑2 ϫ 2͒ symmetry. This behavior is a consequence of constructive interference from the three different domains found in the ͑2 ϫ 2͒ subunits forming the c͑2 ϫ 8͒ unit cell of the reconstructed surface.
After parametrizing the Rayleigh wave of the unreconstructed Ge͑111͒-͑1 ϫ 1͒ surface and folding it according to a ͑2 ϫ 2͒ symmetry, including out-of-plane reciprocal lattice vectors G ͑2ϫ2͒ , most of the data in the dispersion curves are reproduced. Some points, however, are found to be displaced from the folded RW, indicating that the actual reconstruction is c͑2 ϫ 8͒.
The phonon density of states for the Ge͑111͒-c͑2 ϫ 8͒ surface is determined from the data points of the surface phonon dispersion curves. It has been found to be qualitatively similar to that of the Si͑111͒-͑7 ϫ 7͒ surface, 14 with slightly different energy values in the maxima and minima and different DOS values at higher phonon energies. A comparison of the experimental DOS with the DOS constructed from the spectral density of phonon modes, calculated by Takeuchi et al. 7 for Ge͑111͒-c͑2 ϫ 8͒ at just two points in reciprocal space, shows a similar satisfactory agreement.
